This protocol describes the preparation of frozen-hydrated single-particle specimens of macromolecular complexes. First, it describes how to create a grid surface coated with holey carbon by first inducing holes in a Formvar film to act as a template for the holey carbon that is stable under cryo-electron microscopy (cryo-EM) conditions and is sample-friendly. The protocol then describes the steps required to deposit the homogeneous sample on the grid and to plunge-freeze the grid into liquid ethane at the temperature of liquid nitrogen, so that it is suitable for cryo-EM visualization. It takes 4-5 h to make several hundred holey carbon grids and about 1 h to make the frozen-hydrated grids. The time required for sample purification varies from hours to days, depending on the sample and the specific procedure required. A companion protocol details how to collect cryo-EM data using an FEI Tecnai transmission electron microscope that can subsequently be processed to obtain a three-dimensional reconstruction of the macromolecular complex.
INTRODUCTION
There has been a recent surge in the popularity of cryo-EM and its use in structural biology. In view of the need for purifying and maintaining large amounts of intact complexes in X-ray crystallography, cryo-EM offers a distinct advantage as it requires significantly less material (10 mg ml À1 versus 10 mg ml À1 ) (see ref. 1) for crystallization. Additionally, certain biological complexes, or specific conformations of the complex, do not lend themselves to crystallization, but can be captured in their free single-particle form by rapid freezing in liquid ethane for visualization using cryo-EM 2 . There are a few constraints, however, on which molecules can be successfully reconstructed using cryo-EM 3 . One constraint is related to the size of the molecule of interest. Because the technique depends on the ability to align and classify projections of the macromolecular complex with sufficient accuracy, application of the technique has been limited to relatively large complexes. Currently, macromolecules in the size range of approximately 100-1,000 Å are routinely imaged using single-particle reconstruction methods. One limitation of singleparticle cryo-EM is that the resolution achieved is not as high as that from X-ray crystallography or NMR spectroscopy, although by now subnanometer resolution has been achieved for several structures with low or no symmetry [4] [5] [6] [7] . In most situations, the most effective approach for structural interpretation is a combination of techniques, such as docking atomic structures of individual components as rigid bodies into the cryo-EM density. In this way, a quasiatomic model is generated, which reveals information with resolutions of approximately four to five times better than cryo-EM alone 8 .
The cryo-EM specimen is prepared in near-native buffer conditions, and, once the frozen-hydrated grid is prepared, it is placed in the microscope and kept at approximately À180 K throughout the experiment. Our protocol describes the way a buffer containing a homogeneous population of molecules is deposited onto a specially treated EM grid and the subsequent steps needed to prepare and maintain EM grids for visualization in the transmission electron microscope.
This protocol describes specimen grid preparation, while the companion protocol describes data collection strategies using cryo-EM 9 . The protocol is in standard use in this laboratory. It has been used previously, for instance, to investigate the interaction between release factor RF3 and ribosome during the termination process 10 , the way the hepatitis C virus internal ribosome entry site takes over the host's protein synthesis machinery 2 and the structure of GroEL 11 . An outline of the necessary steps is given in Figure 1 . . Taylor Wharton XT 20 cryo-storage dewar with cryo-sentry (grid   manipulation) . Cryo-grid storage boxes (grid manipulation) . 350 ml cryo-dewars (grid manipulation) . 10 (iii) Sonicate the mixture with a sonic probe for 5 min. Droplets of glycerin that form holes will coalesce to the correct size after 30 min. (iv) Clean the slides to prepare them for coating. Light microscope slides are coated to produce a holey plastic (Formvar) film. These microscope slides should be first cleaned so that films will strip off easily and the holes will form evenly. Wash with detergent and water, rinsing thoroughly. holes that will result in a net of holey Formvar. The smooth holes will appear to have greater contrast than the network (see Fig. 3 ).
If the network appears to be faint, the holes are not yet perforated and the slide should be dipped again in acetone (see Fig. 4 ). (i) Choose an appropriate type of pre-made grid. The grids that are generally used in this laboratory are Quantifoil (http://www.quantifoil.com/) or C-flat (http://www.protochips.com/c_flat.html) grids that are manufactured with a regular pattern of holes on an EM grid. When using pre-made holey grids, select the type of grid that is appropriate for your application. Three-hundred-mesh copper grids, with 2-mm-diameter holes, are routinely used for single-particle applications. (ii) Before use, the Quantifoil grids may need to be cleaned with an organic solvent to remove residual plastic and other contaminants. Put 4-5 layers of filter paper in a glass Pertri dish. 2| Decide if thin carbon will be used (option A). Samples are either applied directly to the holey carbon, in which case they fill the holes as a suspension, or placed on a thin carbon layer that covers the holey carbon. The thin carbon has some advantages, such as decreased charging and increased stability when exposed to the electron beam. Also, the defocus value of images is easier to measure from the strong signal of thin carbon. The disadvantage of using a thin-carbon backing is that it adds background noise to the image, which will decrease the signal-to-noise ratio. Refer to option B for experiments not using thin carbon.
(A) Making and transferring the thin carbon (i) Start with a 4 cm Â 2 cm piece of mica. Cleave the mica to expose a fresh surface.
(ii) Place the freshly exposed side of mica face-up on a piece of filter paper in a Petri dish.
(iii) Tape the mica to the filter paper at the very edge of the mica so that it is not disturbed when the bell jar of the evaporator is vented. (iv) Coat the mica with a thin layer (B5 nm) of carbon using a carbon evaporator (see Fig. 5 ).
m CRITICAL STEP The thickness of the carbon film is determined by the resulting color, or by using a film-thickness monitor. The holey grids can be carbon coated simultaneously with the mica, or alone if thin carbon (from the mica) is not necessary. (v) Cut a piece of coated mica slightly larger than the size of the grid (5 mm) and float the carbon off the mica onto the surface of filtered, de-ionized water. m CRITICAL STEP The floating carbon can be visualized by using a high-intensity light placed at a glancing angle to the surface of water. (vi) Pick up the carbon using the holey grid, making sure that the side of the grid that has the holey carbon is the side that is in contact with the thin carbon. Glow-discharge the grids 3| It is advisable to glow-discharge the grids to ensure that the sample coats the grid smoothly and evenly 12, 13 . Example images showing good (Fig. 6 ) and bad spreading (Fig. 2b) are provided (see also Table 1 ). Glow-discharging/plasma-cleaning removes any residual hydrocarbons, thereby making the grids hydrophilic. Alternatively, a hydrophobic surface can be generated by glow-discharging in the presence of an amyl amine solution. For glow-discharging, bring the holey grids with or without the thin carbon (depending on the protocol being used) and place them on a filter paper in a small Petri dish.
4| Place the grids into the bell jar of the glow-discharge apparatus.
5| Seal the bell jar. 
BOX 2 | NO THIN CARBON
Sample can also be applied directly onto the holey carbon. m CRITICAL Sample concentration should be increased fivefold to get the same particle-dispersal on the grid, assuming that initial prescreening was performed using negative staining technique.
9| Remove the Petri dish with the grids. They are now ready to have the sample applied on them. m CRITICAL STEP Grids should be used within 1 h of glow-discharging, or they should be retreated.
10| Prepare your sample as described in Box 3. An example of a well-prepared sample is shown in Figure 6 .
11| Select the desired EM-grid preparation technique. The choices of grid preparation are frozen-hydrated, negatively stained or a more recently developed combination of the two, cryo-negative stain. Frozen-hydrated preparation, discussed in this protocol, allows the visualization of the actual density distribution within the assembly to be studied, but with low contrast. In contrast, negative staining casts the molecule in a shell of electron-dense material that produces much higher contrast than with frozen-hydrated preparation when viewed in the electron microscope 14, 15 . A good reference for negative staining protocols is presented in ref. 16 . A hybrid approach of these two techniques is cryo-negative staining 17 , where the molecule is diluted in a stain solution, blotted and plunge-frozen like a standard frozen-hydrated grid.
Note that this protocol describes frozen-hydrated grid preparation of single-particle samples.
12| Set up a freeze-plunger. Note that the following steps describe the method for using the freeze-plunger described in Box 4 and shown in Figure 7 . An example of a sample in nonvitreous ice can be seen in Figure 2c .
Freezing grids with manual plunger TIMING B1 h 13| Use the apparatus described in Box 4 in a cold room to increase the relative humidity and decrease the temperature. The conditions used in our laboratory are B90% relative humidity and B6 1C.
14|
Fill the cryogen vessel with liquid nitrogen to cool down the apparatus and wait for the rapid boiling of the nitrogen to subside.
15| Slowly condense ethane in the cold cryogen cup until it is filled with liquid ethane. ! CAUTION The ethane should be maintained in a state where it is cloudy, but not frozen. It may be necessary to thaw the ethane in the cup with a slow stream of fresh ethane gas.
16| Place the grid box (for storing the frozen grids) into the liquid nitrogen pool.
17| Precool a set of large tweezers and a screwdriver in a separate 350 ml dewar half-filled with liquid nitrogen.
18| Pick up a freshly glow-discharged, carbon-coated holey grid with the tweezers and mount it on the plunging apparatus.
19| Pipette 4-5 ml of sample onto the mounted grid. Make sure it is applied to the side with the carbon.
20| Wait for a defined amount of time (30 s) so that the particles can adhere to the carbon (if used). ! CAUTION This waiting time affects the particle distribution and can be varied or eliminated, depending on the properties of the particles. m CRITICAL STEP If plunging is done at higher temperatures or low humidity, there can be substantial evaporation resulting in cooling and also an increase in salt concentrations. This effect can be damaging to sensitive samples, and, in such cases, this step should be skipped.
21| Blot the grid between the two pieces of Whatman no. 1 filter paper for approximately 2 s and release the plunger with the foot switch. ! CAUTION Blotting times will vary, but the goal is to get the ice as thin as possible while still maintaining adequate sample concentration.
22| Dismount the tweezers and lift the shaft of the plunger away from the cryogen, being certain not to remove the grid from the cryogen, which could freeze-dry or devitrify the sample. m CRITICAL STEP Example images showing freeze-dried (Fig. 2d) and nonvitreous (Fig. 2c) samples are provided (see also Table 1 ).
23| Place the grid into the precooled grid box and repeat the process if necessary.
24| When all the grids have been made, remove the grid box from the pool and either store it or bring it in an appropriate container to the microscope.
25| Precool all the equipment required in the handling, storage and transfer of the frozen-hydrated grids. After preparation, cryo-grids must be kept below the devitrification temperature of À137 1C (see ref. 18 ). Therefore, any tool that will be in contact with the grids or the grid boxes must be precooled by submerging it first in liquid nitrogen. ! CAUTION Whenever handling these precooled tools, protective gloves should be worn to avoid frostbite. Additionally, tools should be warmed to room temperature (20-30 1C) and dried before re-use, to minimize condensed-ice contamination being introduced into the grid environment (see Table 1 and Fig. 2b (BC) 
BOX 3 | SAMPLE PREPARATION
Because of the relatively large size of the macromolecules visualized using cryo-EM, purification techniques commonly employ velocity sedimentation in sucrose or glycerol. It is a critical requirement to first remove such cryo-protectants from the sample before freezing. This is because, at high concentrations, cryo-protectants will interfere with the freezing process and, even at lower concentrations, will contribute to the background noise, decreasing the contrast between signal from the complex and the background. The lower signal-to-noise ratio makes particle identification and alignment more difficult. In general, the amount of cryo-protectant should be as low as possible and never more than 5% (wt/vol). Cryo-EM requires little material. One cryo-EM grid is made from 4 to 5 ml of sample at a concentration of only 30 nM for ribosomes (B70 mg ml À1 for 70S ribosome), using a thin carbon layer, and will easily contain enough single particles for an entire data set.
Note: If the thin-layer carbon film (see above) is omitted, then the concentration of the sample needs to be increased by roughly fivefold, to get an equivalent distribution of the particles. Some initial screening of sample concentration has to be performed to optimize data collection. Finally, some preliminary work may be desired to prevent the individual particles from clumping or aggregating. An ideal sample should cover the entire grid, with particles close to, but not touching, one another (Fig. 6) . m CRITICAL Because cryo-EM reconstructions are obtained by combining thousands of individual projections, it is extremely important to obtain a homogenous sample. Heterogeneity can arise from several factors, such as partial occupancy of a ligand whose binding is associated with conformational changes in the target macromolecule. Therefore, it is advantageous to first screen the biochemical conditions such as ligand stoichiometry, incubation times and temperatures, buffer conditions (i.e., pH, salt concentration) and component concentrations that yield the most homogenous sample. Cleavage-defective ligands, nonhydrolyzable ATP/GTP analogs or antibiotics are commonly used to 'lock' complexes, all in the same state. Additionally, there are computational methods for addressing heterogeneity after the data are collected [19] [20] [21] ; however, the more pure and homogenous the starting sample, the more straightforward the data processing.
BOX 4 | THE FREEZE-PLUNGER
For routine preparation of a frozen-hydrated sample, a specially designed plunging apparatus is generally employed 22 . These plungers must allow for holding of an EM grid on its edge so that the sample can be applied (tweezers), removal of excess sample from the grid to create a grid that is electron transparent (blotting), extremely rapid vitrification (plunging into a cup containing a cryogen such as liquid ethane or propane).
The frozen-hydrated sample should be transferred from the tweezers into a storage container while keeping the temperature below the devitrification temperature of À137 1C (see ref. 18) (transfer vessel) (an example of a sample in nonvitreous ice can be seen in Figure 2c ). To increase reproducibility of grids, a special plunging apparatus was designed 22 . It blots from both sides and maintains the grid between two pieces of filter paper before rapid plunging in liquid ethane (Fig. 7) . Other plungers that can be used and the protocols to use them are the Vitrobot (http://www.fei.com/) (see ref. 23 ), the Gatan cryoplunge (http://www.gatan.com/) and a time-resolved plunge-freezing apparatus. The time-resolved unit, which is made to order, is useful when attempting to resolve reactions that occur in the 10-ms timescale 24 .
under liquid nitrogen. Even at this temperature, freeze-drying can occur, so it is advisable to use the grids within a year from the date they are made.
26| Place the frozen-hydrated grids in a precooled grid box either made in-house or purchased commercially.
27|
Transfer the grid box into a small 350 ml dewar filled with liquid nitrogen.
28|
Bring the grid box to the microscope for viewing as described in ref. 9 or place it in the cryo-storage dewar.
? TROUBLESHOOTING Troubleshooting advice can be found in Table 1 .
ANTICIPATED RESULTS
Grids prepared by this procedure should have thin and even ice covering approximately 75% of the grid. Particle distribution should be even, with little overlap and maximum particle count per image acquired (see Fig. 6 ). Visualization of these grids should produce images of sufficient quality to achieve three-dimensional reconstructions with resolutions in the 1-2 nm range, assuming high sample homogeneity, when processed with single-particle techniques 6 . Ethane impurities Use high-grade ethane; do not shake the ethane tank; when tank is close to becoming empty, change the tank
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